An early event in the pathogenesis of gastroesophageal refl ux disease (GERD) is an acid-induced increase in junctional (paracellular) permeability in esophageal epithelium (EE). The molecular events that account for this change are unknown. E-cadherin is a junctional protein important in barrier function in EE. Therefore, defects in barrier function in EE were sought in GERD as well as whether their presence correlated with abnormalities in e-cadherin.
INTRODUCTION
Th e commonest manifestation of gastroesophageal refl ux disease (GERD) is the symptom of heartburn, a refl ection of acid damage to the esophageal epithelium (EE) ( 1 ) . Based on the rabbit model, an early marker of acid damage to EE is an increase in junctional (paracellular) permeability ( 2 -6 ) . Th is is evident in intact EE and before development of erosions by fi ndings of low esophageal transmural electrical potential diff erence (PD) and resistance ( R T ) and increased transmural fl ux of cell-impermeant markers, e.g., mannitol, fl uorescein, and fl uorescein-labeled dextrans. Moreover, this increase in junctional permeability in the rabbit model was correlated morphologically with the presence of dilated intercellular spaces (DIS) in EE ( 2, 3, 5 ) . Th at the pathogenesis of refl ux damage to the EE in GERD mirrors the fi ndings in acid-damaged EE in the rabbit model is supported by the following: (i) low basal esophageal PD in patients with GERD in vivo ( 7 ) , (ii) induction of a low esophageal PD and heartburn in patients with non-erosive refl ux disease during acid perfusion ( 8 ) ; (iii) development of DIS in EE in healthy subjects during acid perfusion ( 9, 10 ) ; (iv) presence of DIS in EE in both erosive esophagitis and non-erosive refl ux disease ( 11 -15 ) ; and (v) restoration of DIS in EE to normal (along with control of heartburn) by treatment with proton pump inhibitors ( 16, 17 ) . Since, as in the rabbit model, these observations support the likelihood that there is an increase in paracellular permeability in EE of GERD patients, we sought to identify any structural defects in those proteins involved in control junctional barrier function in EE.
E-cadherin is a component of the adherens junction, a structure along with the tight junction and desmosomes that are known to be important in junctional barrier function in most epithelia, including that of the esophagus ( 18 -21 ) . E-cadherin is a singlespan, transmembrane protein whose carboxy (C)-terminus resides in the cytoplasm and whose amino (N)-terminus resides in the intercellular space. Th e N-terminus of e-cadherin molecules from membranes of adjacent cells form a barrier by calcium-dependent binding to each other within the intercellular space. As the protein bridges of e-cadherin both encircle the cell membrane and support the adhesion of the bridging proteins (occludin and claudins) forming the tight junction, they have an integral role in establishing junctional (electrical) resistance and controlling junctional permeability. Th is role for e-cadherin in (rabbit) EE has recently been shown in the Ussing chamber using the calcium-switch technique ( 19 ) . Th is technique reveals that removing bathing solution calcium lowers R T and restoring calcium returns R T to baseline; however, this return of R T to baseline aft er restoration of calcium can be prevented in EE by exposure to antibodies (or short peptides) to the extracellular, but not intracellular, domain of e-cadherin. Th ese results support a role for e-cadherin in the junctional barrier in EE and suggest that any increase in junctional permeability in the EE in GERD may be accounted for by disruption in its bridge formation. Th erefore, endoscopic biopsies of EE from GERD and those with healthy esophagus were obtained for characterization of junctional barrier function and correlation of any defects with changes in e-cadherin.
METHODS

Human subjects
All subjects were adults, aged 18 -75 years old, which were undergoing endoscopy for clinical reasons. Biopsies were obtained of grossly normal appearing mucosa from the lower 5-cm of esophagus using jumbo forceps (Radial Jaw-3 Maximum Capacity, Boston Scientifi c, Natick, MA). Subjects with symptomatic GERD ( n = 20; male 10; female 10; mean age 50 ± 10 years) had a history of heartburn in association with typical esophageal erosions (erosive esophagitis) or a history of heartburn and either pathologic acid exposure on 24 h pH monitoring or positive response to proton pump inhibitor therapy. Control subjects with a healthy esophagus ( n = 23; male 11; female 12; mean age 51 ± 11 years) had neither history of esophageal symptoms (heartburn, regurgitation, dysphagia, and odynophagia) nor endoscopic signs of esophageal disease. Exclusion criteria for both groups were Barrett ' s esophagus, peptic stricture, or other esophageal disease, e.g., eosinophilic esophagitis, esophageal varices, esophageal cancer; bleeding disorder, active gastrointestinal bleeding, gastric malignancy, severe heart -lung -liver -renal -cerebrovascular disease or post-transplant of any type. Blood samples were obtained by venipuncture using a red top tube without preservatives. All patients provided written, informed consent for these procedures, and the study was approved by the Human Research Ethics Committee of University of North Carolina at Chapel Hill.
Mini-Ussing chamber
Biopsies for chamber studies were immersed in ice-cold oxygenated-Ringer ' s solution and immediately transported to the laboratory for mounting mucosal side up in mini-Ussing chambers as previously described ( 22 ) 
Transmucosal fl ux
The flux of fluorescein, 300 MW (Sigma, St Louis, MO) was determined by adding 1 mm fluorescein to the luminal bath. After mixing, the luminal bath was sampled to obtain the initial fluorescein concentration. The serosal bath was sampled at zero time before fluorescein addition to the luminal bath and at periodic intervals following the addition of fluorescein to the luminal bath. Fluorescein levels in samples were determined by measuring sample fluorescence using a fluorometer (Turner Biosystems, TBS-380 Amico SPF 500, Sunnyvale, CA). 
Immunofl uorescence and western blotting
Methods for western blotting, immunofl uorescence, and digital image processing were previously described by Jovov et al. ( 23 ) . Antibodies against the intracellular carboxy (C)-terminus and extracellular N-terminus of human e-cadherin (Catalog # 33-4000 and # 13-1700); and antibodies against mouse e-cadherin (Catalog # 13-1900) were purchased from Zymed Laboratories (San Francisco, CA). E-cadherin C-terminus antibodies were used for western blot; and N-terminus antibodies were used for immunolocalization and enzyme-linked immunosorbent assay (ELISA). Antibodies against the C-terminus of A D isintegrin A nd M etalloproteinase (ADAM-10) were purchased from Millipore (Catalog # AB19026; Billerica, MA). Monoclonal anti-β actin antibodies were from Santa Cruz Biotechnology (Catalog # sc-47778: Santa Cruz, CA). Secondary antibodies for western blots were goat anti-rabbit IRDye 800 (Rockland, Gilbertsville, PA) and goat anti-mouse Alexa 680 (Molecular Probes, Carlsbad, CA). Signals were detected using an Odyssey Infrared Imaging System (LI-COR, Lincoln, NE).
Enzyme-linked immunosorbent assay
Soluble (N-terminus) e-cadherin levels were measured in serum using a commercially available sandwich ELISA kit (Invitrogen, Carlsbad, CA). In brief, a monoclonal antibody to e-cadherin is coated onto microtiter plates. Samples containing an unknown amount of e-cadherin are incubated in the wells at 37 ° C for 2 h. A second, detecting, monoclonal antibody (conjugated with peroxidase) is incubated in the wells at 37 ° C for 1 h. Peroxidase substrate solution (H 2 O 2 and tetramethylbenzidine) is added and results in a color change. Th e reaction is terminated by the addition of 1 M H 2 SO 4 and absorbance of the sample measured using a FLUO star Omega Multidetection Microplate Reader (BMG LABTECH, Cary, NC) at 450 nm. Each sample is measured twice and the average value used for determination of e-cadherin concentration from a standard curve plotted using values obtained from standard solutions provided with the kit.
Deletion of e-cadherin in adult mouse esophagus
Th e mouse line with an e-cadherin fl ox allele was derived by Boussadia ( 24 ) and maintained on a C57Bl / 6 genetic background. No abnormal phenotype was observed in unrecombined homo zygotes at any stage. To establish the keratin5 promoter driving CreER ( KRT5-CreERT ) transgenic mouse line, DNA was injected into fertilized zygotes. Off spring of 11 founders were screened to obtain two lines, one of which has expression in both trachea and esophageal basal cells ( 25 ) and the other that has expression in esophageal basal cells but not in tracheal cells. Th is second line, presently on the N3 backcross to C57BL / 6, was used for current experiments. For adult lineage tracing, 8 -10-week-old mice hemizygous for KRT5-CreERT and homozygous for R26R were injected intraperitoneally one time or four times every other day with Tamoxifen (Tmx), 0.25 mg / g body weight, in Mazola corn oil (ACH Food Companies, Memphis, TN). To delete e-cadherin four Tmx injection were performed every other day on KRT5-CreERT;e-cadherin fl ox / fl ox compound mutants and KRT5-CreERT;E-cadherin fl ox / + control mice ( Figure 1 ). Five days aft er the fi nal tamoxifen injection, the esophagi, n = 10, were harvested, divided into three portions, and processed as follows: one section for fi xation in 4 % paraformaldehyde for immunohistochemistry, one section for fi xation in RNA-Later for RNA extraction and quantitative reverse transcriptase-PCR (qRT-PCR -see below), and one section placed in oxygenated-Ringer ' s solution for mounting in mini-Ussing chambers and performance of fl uorescein fl ux as described for human EE above. Xgal staining was performed as previously described ( 26, 27 ) .
Real-time PCR
RT-PCR was performed using previously described methods ( 28 ) . In brief esophageal epithelial tissue underwent total RNA isolation using RNeasy kits (Qiagen, Valencia, CA) per the manufacturer ' s recommended protocols. RNA was treated with TURBO DNase (TURBO DNA-free kit, Ambion, Austin, TX) to remove contamination by genomic DNA. cDNA was synthesized from 2.5 μ g of treated RNA for each cell culture sample using Superscript III reverse transcriptase (Invitrogen) with an equal amount of RNA included in an No-RT control for each separate RNA sample. Real-time PCR primers used in this study were validated primer sets (QuantiTect Primers Assays, Qiagen). Amplifi cation was performed in a Rotor-Gene 3000 (Corbett Research, Mortlake, Australia) thermal cycler at 95 ° C for 3 min followed by 37 cycles of 94 ° C for 15 s, 54 ° C for 20 s, and 72 ° C for 25 s. Following amplifi cation, a melting curve analysis was performed by heating the reactions from 50 to 99 ° C in 0.2 ° C intervals while monitoring fl uorescence. Th e cycle at which each sample crossed a fl uorescence threshold, C t, was determined and triplicate values for each cDNA averaged.
Data analysis
Data are reported as the mean ± s.e.; and statistical signifi cance determined by Student ' s t -test for paired and unpaired samples at the P < 0.05 level.
RESULTS
Junctional permeability is increased in GERD
Biopsies of intact EE from GERD in mini-Ussing chambers revealed at equilibrium baseline values for R T that were significantly lower than those in controls ( Figure 2a ). Further, transmucosal fluorescein fluxes performed on the same tissues over a 2-h period yielded significantly higher fluxes in GERD than in controls ( Figure 2b ). Both of these values are compatible with the EE in GERD having an increase in junctional permeability over that of healthy EE.
E-cadherin is cleaved in EE from GERD patients
Western blots performed on EE from healthy controls using antibody to the C-terminus of e-cadherin revealed in all subjects a single 120-kDa band compatible with an intact molecule. In contrast, the blots performed on EE from all subjects with GERD yielded two bands, one at 120 kDa and one at 35 kDa. Th e presence of the C-terminal band at lower molecular weight indicates that in GERD some molecules of e-cadherin had been cleaved ( Figure 3 ) . Notably, the size of the C-terminal fragment, 35 kDa, indicated that e-cadherin was likely cleaved near the extracellular membrane, and one candidate for this is the membrane metalloproteinase ADAM-10.
Immunostaining for e-cadherin using the N-terminus antibody in healthy EE of controls demonstrated that e-cadherin was localized to the membranes of cells throughout all layers ( Figure 4 , left upper panel). Immunostaining for ADAM-10 documented its presence in healthy EE and showed that it colocalized with e-cadherin ( Figure 4 , middle and right upper panel). In contrast, immunostaining for ADAM-10 in EE from GERD showed that e-cadherin was absent from those areas of EE in which ADAM-10 was highly expressed ( Figure 4 , lower panels) . As the lack of colocalization of ADAM-10 and e-cadherin in GERD suggested that e-cadherin may have been cleaved by an " active " form of ADAM-10 and so depleted from those sites, " active " ADAM-10 was sought on western blots ( Figure 5 ). Healthy EE exhibited two bands for ADAM-10, one band at 85 kDa compatible with inactive ADAM-10 and a much less dense band at 60 kDa representing an " active " form of the molecule. Notably, the EE from GERD was devoid of the larger 85 kDa band refl ecting the inactive form while it exhibited a single dense band at 60 kDa. Th is indicated that all of the ADAM-10 in EE from GERD was in the active form.
N-terminal fragments of cleaved e-cadherin are increased in serum of GERD patients
Cleavage of e-cadherin in EE from GERD results in loss of the N-terminal fragment of the molecule. As the N-terminal fragment of e-cadherin is known to be soluble ( 29 ), we sought its presence in serum. Consistent with the fi nding of C-terminal fragments of e-cadherin in EE from GERD, serum levels of the N-terminal fragment were found to be signifi cantly higher than that present in the serum of healthy controls ( Figure 6 ). Indeed, from Figure 5 a serum value > 1.6 μ g / ml was observed to have a sensitivity of 90 % and specifi city of 100 % for diff erentiating between healthy subjects and those with GERD.
Conditional deletion of e-cadherin in mouse esophagus increases junctional permeability
Th e data above indicate that the EE from GERD has increased junctional permeability and this in association with cleavage of e-cadherin. To help establish a cause-and-eff ect relationship between cleaved e-cadherin and junctional permeability, we developed a unique model in which e-cadherin was conditionally deleted from the adult mouse EE. Th is was done using a KRT5-CreER T mouse line in which a 6-kb human keratin 5 ( KRT5 ) promoter was used to drive the expression of CreER fusion protein Control n = 10 GERD n = 9 Figure 2 . Permeability of esophageal epithelium in control and GERD patients. ( a ) Basal transepithelial electrical resistance ( R T ) and ( b ) mucosalto-serosal fl uorescein fl uxes are shown for the esophageal epithelium (EE) from patients with gastroesophageal refl ux disease (GERD) and from subjects with a healthy esophagus (controls). Values were obtained for EE by mounting endoscopic biopsies in mini-Ussing chambers while bathed by normal Ringer on both sides. The mean basal R T from GERD, n = 11, is signifi cantly lower than from controls, n = 13 while mean fl uorescein fl ux from GERD, n = 9, is signifi cantly higher than from controls, n = 10. Values are mean values ± s.e., P < 0.05 vs. controls . Serum e-cadherin µg/ml GERD *P < 0.05 Figure 6 . Enzyme-linked immunosorbent assay (ELISA) using an N-terminal antibody to e-cadherin illustrates the quantity of soluble fragments of e-cadherin in serum of patients with GERD ( n = 9) and in serum of subjects with healthy esophagus (controls; n = 10). Signifi cantly more N-terminal fragments are shown to be present in the serum in GERD. * P < 0.05.
ADAM-10
Normal GERD E-cad + ADAM-10 E-cad + ADAM-10 E-cad ADAM-10 E-cad Human esophageal epithelium Figure 4 . E-cadherin and A D isintegrin A nd M etalloproteinase (ADAM-10) expression in healthy esophageal epithelium (EE) and gastroesophageal refl ux disease (GERD) patients. In normal EE, E-cadherin and ADAM-10 stained membrane in all layers of epithelium. ADAM-10 staining is stronger in basal layer and faint in upper layers. Colocalization of two proteins was present in all layers, but most prominent in basal layer of EE. In GERD patients, E-cadherin and ADAM-10 show reciprocal intensity of staining for ADAM-10 and E-cadherin (when E-cadherin is strong ADAM-10 is faint and vice versa) suggesting cleavage (depletion) of e-cadherin by ADAM10.
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DISCUSSION
Th e results of this investigation extend the parallels between the rabbit model of acid injury to EE and the damage observed in human EE in GERD. Th is was done by showing that, like the rabbit model, non-erosive EE from GERD patients have lower R T and higher fl uorescein fl ux than healthy EE. As fl uorescein is impermeant to (viable) cells and R T a sensitive marker of junctional integrity, these fi ndings indicate that non-erosive EE in GERD have an increase in paracellular permeability. Moreover, we found that this increase in paracellular permeability in GERD was associated with cleavage of e-cadherin, the latter shown by the presence of two C-terminal bands in EE from GERD on western blot. As illustrated in the diagram ( Figure 9 ), the larger 120-kDa band represented intact e-cadherin and the 35-kDa C-terminal band refl ected a smaller, cleaved segment of e-cadherin. Consistent with cleavage of the N-terminal segment of e-cadherin in EE from GERD, the serum from GERD patients had higher amounts of soluble N-terminal fragments of e-cadherin than did healthy subjects. (Note: although the number of patients are small, subgroup analysis revealed no diff erence in e-cadherin Expression of e-cadherin relative to ZO1 ESOPHAGUS E-cadherin Proteolysis in GERD so active form. Th at ADAM-10 in EE from GERD was in active form was also supported on immunostaining by the lack of colocalization of ADAM-10 with e-cadherin. Th is supports the likelihood that e-cadherin was cleaved by ADAM-10 and so lost from its membrane location. Loss of e-cadherin from its membrane location in EE from GERD patients was further supported by the increased amounts of N-terminal fragments of e-cadherin present in the serum of GERD patients. Indeed, if verifi ed in larger numbers of subjects, the high sensitivity and specifi city for identifi cation of C-terminal fragments in EE (100 % sensitivity and 100 % specifi city) and higher level of N-terminal fragments in sera (90 % sensitivity and 100 % specifi city) from GERD compared with healthy subjects suggests their potential use as biomarkers for the diagnosis of GERD. Based on the process of RIPing, cleavage of e-cadherin by membrane metalloproteinases, e.g., ADAM-10, is followed sequentially by proteolytic cleavage of the C-terminal fragment by a membrane γ -secretase and then by cytosolic caspases, typically caspase-3. Notably, each of these subsequent enzymatic actions, cleave the C-terminal fragment of e-cadherin into ever smaller components ( 37 -39 ) ( Figure 9 ), molecules whose sizes were not identifi ed on the western blots of EE from GERD patients in the present study. One reason for this may have been the observed low expression levels of γ -secretase on qRT-PCR present in EE from GERD patients (data not shown).
E-cadherin knockout Control
Th e major contributors to the junctional barrier in epithelia are the claudin-dominated tight junction and e-cadherin-dominated adherens junction ( 18, 40 ) . Th ese structures encircle the cell membrane to create a barrier to the paracellular diff usion of ions and molecules. Although it is well recognized that the more apically oriented tight junction is the limiting pathway in healthy epithelia, it is also recognized that its normal functioning requires an intact adherens junction ( 18, 40 ) . Th us, if luminal acidity disrupts the adherens junction, through for instance the activation of ADAM-10 and its subsequent cleavage of e-cadherin, the predicted result would be increased junctional permeability due to loss of adhesion by e-cadherin. To test the hypothesis that loss of adhesion by e-cadherin could account for the observed increase in paracellular permeability in EE from GERD patients, we generated a mouse model in which e-cadherin was deleted from the EE. Notably, it showed that deletion of e-cadherin resulted in DIS and a marked increase in paracellular (junctional) permeability. Th is indicates that loss of adhesion by e-cadherin can itself result in DIS and the increase in junctional permeability observed in the EE from GERD patients. Moreover, since increased junctional permeability has been hypothesized to be an important link to the symptoms (heartburn) and signs (erosions) in GERD ( 41, 42 ) , the identifi cation of cleavage of e-cadherin in this report likely represents an important, if not critical, molecular event in the pathogenesis of GERD. Further, and supporting the potential extension of this observation to the clinic, preliminary data indicate that patients with eosinophilic esophagitis, a condition also associated with DIS, lack cleavage of e-cadherin in EE ( 43 ) . Since at times it is clinically and morphologically diffi cult to distinguish between eosinophilic proteolytic processing for C-terminal fragments on western blot and quantity of N-terminal fragments of e-cadherin on ELISA between erosive and non-erosive GERD patients.) Th at healthy subjects have a measurable amount of N-terminal fragments of e-cadherin in serum refl ects the fact that cleavage of e-cadherin is a physiologic process, refl ecting cell turnover in such tissues as skin and kidney. Indeed, the phenomenon by which e-cadherin is cleaved has been studied and is known as regulated intramembrane proteolysis (RIP) or RIPing ( 30 ) . RIPing occurs by activation of a set of proteolytic enzymes that cleave e-cadherin in stepwise manner into ever smaller C-terminal fragments. As a result of cleavage, the extracellular (soluble) N-terminal fragment of e-cadherin is known to be jettisoned and absorbed into the blood stream ( 29,31 -33 ) . Further, an increase in soluble e-cadherin, as observed in GERD, has been reported in other diseases, particularly malignancies such as melanoma and gastric, colon, prostate, bladder and lung cancer, and infl ammatory diseases of the skin, e.g., psoriasis, pemphigus vulgaris, eczema, atopic dermatitis, and Darier ' s disease.
Based on the 35-kDa size of the C-terminal fragment identifi ed in the EE from GERD, cleavage occurs close to the extracellular portion of the cell membrane -a site compatible with proteolysis by a membrane metalloproteinase ( 34 -36 ) ( Figure 9 ). In the present study, we identifi ed ADAM-10 as a membrane metalloproteinase in human EE. Moreover, in the EE from GERD we found on western blot that ADAM-10 was only present in its smaller and , then followed by a membrane γ -secretase cleaving C terminal fragment (CTF), within the membrane and fi nally by intracellular cleavage by cytosolic caspases, typically caspase-3. Notably, the cleaved extracellular N-terminal domain is soluble, diffuses into the blood stream and so can be measured in serum .
